The effect of single base pair alterations of the TniO^ encoded tet operator on recognition of Tet repressor was studied U± vivo using a repressor titration system and j£ vitro by dissociation rate determinations of the respective complexes. Both methods reveal that the two operators, 0< and 0 2 , which are in a tandem arrangement in the wild type, are recognized with a two-fold different affinity when separated. Studies on synthetic operator sequences indicate that the Tet repressor binds with higher affinity to the non-palindromic 0 2 wildtype than to the respective palindromic sequences. The jH vivo repressor titration system links the expression of lacZ to the affinity of tet operator to Tet repressor. It was used to isolate tet operator mutations with reduced affinity to the repressor. The in vivo and in vitro obtained results with these mutants agree quantitatively and indicate, that the GC base pairs at positions 2, 6, and 8 are involved in interaction with the Tet repressor. Their importance for recognition decreases in that order.Transitions at position 7 of the tet operator show smaller effects on recognition than transversions.
INTRODUCTION
Transposon Tn_1£ confers tetracycline resistance (Tc R ) to gram-negative bacteria such as E. coli (1,2). The expression of tetracycline resistance is inducible by subinhibitory levels of the antibiotic (3, 4) . This regulation results from binding of tetracycline to a repressor protein which controls the expression of itself and the resistance protein (5, 6, 7) . The genes for these two proteins have been mapped and lie adjacent to each other but with opposite polarity (4, 8) . Expression of both genes is controlled by a central regulatory region located between the genes (9) . This control region contains divergent overlapping promoters and two tet repressor binding sites (8, 10, 11) . The sequence of these operators, termed 0 1 and 0 2 , is shown in Fig. 2 .
In general, procaryotic regulatory proteins have been found to bind to DNA sequences that exhibit dyad symmetry (12) . Since these proteins are usually dimers or tetramers, this suggests that the interaction with each
Plasmid Constructions
The plasmid pRT291 is a derivative of pBR322 (28) in which the EcoRIBamHI fragment from pK04 (29) has been substituted for the original pBR322 EcoRI-BamHI fragment. This was done in order to delete the pBR322 tet operators and thus exclude any possible interactions with the Tn_H) Tet repressor (30) .
A 120 base pair AluJ-fragment from pRT333 (11) containing the operator 0 1 was subcloned into pBR327 (31) . This construction was done so that EcoRI sites were regenerated at the ends of the fragment. The resulting plasmid was called pWH151. This fragment was then cloned into the single ^coRI site of pRT291 and the resulting plasmid called pWH850. pRT241 contains the tetR gene on a 702 bp Hindi fragment inserted into the single Hindi site of PACYC177 (11) . The same plasmid has also been called pBT401 (26) . pWH851 contains the 350 bp 0 2 containing DNA fragment (32) inserted into the single Ecp_RI site of pRT291.
Materials
Growth media and antibiotics were obtained from either Serva, Heidelberg or Sigma Chemical Co. Enzymes for ONA manipulations were purchased either from Bethesda Research Laboratories, New England Biolabs, or Boehringer, Mannheim and were used as described by the manufacturers. Hydroxylamine and nitrous acid were purchased from Merck, Darmstadt. Growth media, plates and buffers were as described by Miller (24) .
Mutagenesis
Treatment of pWH850 with hydroxylamine (33) was as follows: 6 ug of pWH850 (50 pi) were added to 250 ul of 0.1 M sodium phosphate buffer pH 6.0, 10 mM EDTA and mutagenesis was initiated by the addition of 200 ul of freshly prepared 1 M hydroxylamine pH 6.0. Incubation was at 65°C for 1-2 h. At the end of the incubation period, 2.5 ml of TE (10 mM Tris HC1, pH 8.0, 0.1 mM EDTA) buffer were added to each sample and the DNA was precipitated with PEG (34) and centrifuged. The pellets were washed with ethanol, vacuum dried, resuspended in 60 ul of TE buffer and used for transformation.
Nitrous acid mutagenesis (35) was performed using 10 ug of pWH850 dissolved in 90 pi of 0.5 M sodium acetate pH 4.2 and initiated by the addition of 10 yl of freshly prepared 1 M sodium nitrite. The DNA was incubated at 25°C and 20 ul aliquots were removed after 2, 4 and 6 minutes. The reactions were stopped by adding 100 ul 0.5 M Tris, 1 mM EDTA pH8.2. After ethanol precipitation the samples were vacuum dried and the DNA was resu-spended in 20 ul of TE buffer. This DNA was used directly for transformation. B-galactosidase assays Cells were grown in LB-medium supplemented with the appropriate antibiotics. Log-phase cultures were assayed by the method of Miller (24) . Three independent cultures were assayed for each strain and were repeated at least twice. Activities were calculated as described (24) .
DNA sequencing
Operator fragments were cloned into either M13mp9 or M13mp11 (25, 36) . Single strand phage DNA was used as a template for the dideoxy sequencing method of Sanger et al. (37) . Synthesis and cloning of operator mutants Oligonucleotides were synthezised by the phosphite method and purified by HPLC as described (38) . After hybridization of complementary strands they were blunt-end ligated into the Hindi site of M13mp11 and their sequence verified by dideoxy sequencing. The EcoRI-HindHI fragment, containing the respective operator mutant, was then cloned between the EcoRI and Hindlll sites of pRT291 and used for the repressor titration experiments. The 0 2 mutants are shown in Figure 2 . The synthetic operator 0 2 is called OM to denote the different flanking DNA in comparison to the operator 0 2 in PWH851 (see above). The pRT291 derivative containing OM is designated pwH460 and the ones with OM mutants are called pWH460-OM1, pWH460-OM2, and PWH460-0M3, respectively.
In order to gain preparative access to these mutants, the respective EcoRI-HindlH fragments were also inserted between the JcoRI and Hindi 11 sites of pUR250 (39) . Preparation of DNA for dissociation rate determinations
The 120 bp EcoRI fragment containing the tet operator 0^ was purified from pWH151 as described (40) . The pwH850 derivatives containing tet operator 0j mutations were digested with EcoRI resulting in the 120bp insertion and the 4310bp vector DNA. This mixture was used without further purification. Recombinant plasmids derived from pUR250 containing the synthetic tet operators were digested with EcoRI and PvuII. This digest generates a 226bp fragment with the respective operator as well as 104bp and 2391bp fragments from the vector. These mixtures were used without further purification. The 187bp DNA containing the wild type tet regulatory sequence was purified as described (40) and used as competing DNA.
5' end labelling of DNA
The DNA fragments were labeled at their 5' ends as described (32) . The excess t 32 P ATP was removed by chromatography on a Sephadex G50 column (10 x 0.5 cm) which was eluted with 10 mM Tris HC1, pH 8.0, 0.1 mM EDTA. The specific activity of labelled DNA was typically between 500 and 1000 Ci/mMoles. Dissociation rate determinations Dissociation rates of Tet repressor complexes with wild type and mutant tet operator DNA fragments were determined in nitrocellulose filter binding experiments. The protein • DNA complexes were allowed to form in 1 ml reaction mixtures containing 10 mM Tris HC1, pH 7.4, 10 mM KC1, 10 mM MgCl 2 , 1 mM DTE, 0.1 mM EDTA, 50 ug/ml BSA, and 10' 9 M of the respective DNA fragment by adding a five-fold molar excess of Tet repressor over binding site and incubation at 37°C for 15 min. Then a 50-fold or 100-fold molar excess of non-labelled competing DNA (187 bp DNA containing the wild type tet regulatory region (6)) was added and 50 ul were immediately removed and analyzed for the protein associated amount of radioactivity by nitrocellulose filter binding essentially as described (32) . The result was taken as the zero time point. Incubation of the mixture was continued at 37°C and 50 ul samples were analyzed at times indicated in figure 3 . The shortest time between successive measurements was 60 sec. The dissociation reaction was monitored for at least two half life times of the respective complex. The non-specific binding of DNA to nitrocellulose was determined using samples without protein and the respective blanks were subtracted from the results for each experiment. The Tet repressor • DNA complex was incubated in parallel without competing DNA under identical conditions. This did not reveal any loss of activity. Increasing the concentration of competitor DNA or competing with DNAs containing the single operator 0 1 or adding an equimolar amount of non-specific DNA to the pure 120bp 0 1 fragment did not change the results.
RESULTS

Repressor titration system
The repressor titration system depends upon the presence of multiple copies of an operator in the cell which can bind repressor in trans and thereby derepress expression of a chromosomal lacZ gene. A mutation in the operator which reduces repressor affinity will fail to derepress the chromosomal gene and so reduce its expression. The level of expression is a measure of the repressor binding ability of the operator. The repressor titration system is outlined in Figure 1 . In this study, the two tet operators, 0 1 and 0 2 , were separately cloned into a multicopy plasmid. Tet repressor was provided by a different plasmid, pRT241, which is compatible with the operator containing plasmids and contains the tetR gene (11, 26) . Expression of Tet repressor is unregulated. The chromosomal gene consists of a tet -lacZ fusion, which is located within a lysogenic A-phage ( ARZ5). In this phage the expression of the lacZ gene is regulated by the tetracycline resistance gene promoter. In the presence of pRT241 the expression of B-galactosidase is repressed. The level of IacZ expression corresponds to the color of the colonies on lactose McConkey indicator plates (see Table 1 ). Operators were introduced into this system by using the multicopy plasmid pRT291. repressor titration system, suggests that the GC base pair at position -8 is weakly involved in Tet repressor binding.
Synthetic tet operator mutations
The nucleotide sequences of the tet operators 0 1 (left) and 0 2 (right) The sequences of these te_t operators are depicted in Figure 2 .
affinities for Tet repressor indicating that the purine at position +7 and the respective pyrimidin at -7 is important for Tet repressor binding. 0M2 shows a weaker binding in this experiment than 0M3. Dissociation rates of wild type and mutant tet operator • Tet repressor complexes Dissociation rates of Tet repressor • tet operator complexes were determined by the nitrocellulose filter binding technique. The results are presented in Table 3 . The tet operators 0 2 (OM fragment) and O.j show half lifes of 20 min and 10 min, respectively, for their complexes with Tet repressor. If it is assumed that the association rate constants are identical for 0^ and O2 this accounts for a twofold lower binding constant for the Oj'Tet repressor complex in comparison to the 0 2 -Tet repressor complex. The OM1* Tet repressor complex shows roughly the same half life time as the complex with Oj. The OM2 and 0M3 mutations exhibit an increased effect on Tet repressor recognition with an approximately eightfold increase in the dissociation rate when compared to 0 2 . The operator mutation O c5 o. which is derived from the 0 1 sequence, shows a threefold increased dissociation rate compared to the wild type. The mutations O^g, 0 C 42> and Oc61 have dissociation rates which are too fast to be determined with this method. The half life times of their complexes with Tet repressor are shorter than one min. Therefore, their binding constants must be reduced by a factor greater than ten.
DISCUSSION
Repressor titration systems have been used to study the repressor • operator recognition in several systems (41, 42, 43) including the regulation of Tc R genes (11) . The latter study revealed the existance of two operators which are functional Tc R regulatory elements. In this article a Tet repressor titration system very similar to the one described before was used to screen for tet operator mutants and characterize their affinity to the Tet repressor protein. The results obtained with the single operators (see Table 1) indicate, that this system provides a very sensitive screen. The effect of two operators versus either single operator is drastic and a difference in affinity between 0 1 and 0 2 is detectable on lactose McConkey indicator plates. In order to relate the B-galactosidase expression obtained in the repressor titration system quantitatively to the affinities of the operators for the Tet repressor, the dissociation rate constants of the respective complexes were determined (see Table 3 ). These J_n vitro measurements indeed indicate that a twofold difference in dissociation rate is easily detected in the 2H vivo system (compare Tables 2 and 3 ) and is also seen in a screen on lactose McConkey agar (see Table 1 ).
Both methods reveal that the affinity of 0 2 for Tet repressor is greater than the affinity of 0 1 for the same protein. The in vivo results (see Table 2 ) indicate that the affinity may be two-to threefold larger and the dissociation rate constants indicate a twofold difference. Assuming that the association rates for the 0 1 and 0 2 complex formation with Tet repressor are identical this result indicates that the B-galactosidase expression is linearly related to the binding affinity of the respective operator for Tet repressor.
The identical results obtained with pWH851 and pWH460 indicate that the Tet repressor binding of 0 2 is the same regardless of the surrounding DNA (see Table 2 , pWH851 and pWH460). Therefore we conclude that OM contains the active sequence involved in Tet repressor binding.
Comparison of eight tet operators from four related Tc" genes (30) reveals that the central base pair is not conserved. Therefore, this position does not seem to make specific contacts to the Tet repressor. Some homology exists at position ±9, however, this is not regarded important for binding because it is too far away from the proposed recognized sequence (44) . The base pairs at position -7 are always CG or TA. They may be involved in Tet repressor binding. Therefore, the different affinities of 0 1 and 0 2 from TnH) for Tet repressor may be due to the TA to CG change at position -7. In order to determine the effect of sequence alterations at this position mutants were chemically synthezised and their effect on Tet repressor affinity was determined (see Figure 2) . In 0M1 the palindromic symmetry is restored by introducing the complementary GC pair at position +7. Surprisingly, this reduces Tet repressor affinity to the 0 1 level (see Tables 2  and 3 ). This result was quite unexpected because the active Tet repressor is a dimer (32) . Therefore, it was anticipated that the highest affinity for DNA would result from symmetrical interactions of both subunits with the palindromic sequence. In the case of 0 2 , however, it seems that the highest affinity is obtained with a non-palindromic DNA. The mutants 0M2 and 0M3 introduce transversions in the 0 2 sequence at positions -7 and +7, respectively. Both mutations reduce Tet repressor binding approximately eightfold. It thus appears that transversions at position 7 reduce Tet repressor binding more drastically than do transitions.
The results in Table 1 indicate that the Tet repressor titration system may be suitable for screening tet operator mutations. The results in Tables  2 and 3 demonstrate that this is indeed possible. Owing to the chemical mutagenesis only GC to AT transitions are obtained. All three GC base pairs on either side of the palindromic 0 1 sequence seem to be involved in Tet repressor binding. Quantitatively their involvement is quite different with decreasing importance towards the outside of 0^. The most drastic reduction in binding is observed when GC pairs at positions -2 are changed. The expression of 6-galactosidase is only slightly above background levels (see Table 2 , 0 C 3 6 , 0 c42 , and control in Table 1 ). The mutation in position -6 reduces B-galactosidase expression to less than one half (see Table 2 , 0 c50 ) and increases the dissociation rate threefold (see Table 3 , 0 c50 ). Furthermore, the double mutation at positions -2 and -8 shows even less Bgalactosidase expression than the single mutation at position -2 (see Table  2 , 0 c36 and 0^). This difference is small but reproducible. It cannot be verified in the dissociation rate experiments because the repressor complex with the single mutation 0 c3 g dissociates already too fast to be resolved with this method. Therefore, only the results obtained with the Tet repressor titration system seem to indicate that the base pairs at positions ±8 are also weakly involved in Tet repressor recognition.
Taken together the results obtained in this article imply that the GC base pairs at position -2 are extremely important in Tet repressor recognition. These are also protected from methylation (9) indicating a close contact to Tet repressor in the major groove. Furthermore, these positions are completely conserved among all eight different naturally occuring tet operators (30) . The positions -6 seem to be involved in Tet repressor recognition, but the effects of mutations are quantitatively smaller. These base pairs are also not protected from methylation by Tet repressor binding (9) . Comparison of the eight wild type tet operator sequences reveals, that this position is not strictly conserved (30) . The class A and C genes contain AT base pairs at these positions whereas the class B and D genes contain GC base pairs. Finally, a small effect is observed when the GC at position -8 is mutated. In agreement with this small effect is the observation that this base pair is the least conserved of the GC pairs among all eight tet operators. It had been shown before, that the heterologous recognition of the class A and C encoded tet operators by the TnJ^O encoded Tet repressor (class B) is quite weak (30) . This is in good agreement with the results obtained here because the sequence changes of the class A derived tet operators in comparison to the Tn1£ derived tet operators are located in positions 6 to 8. The class C derived operators, which bind TniC) Tet repressor with even lower affinity than the class A tet operators contain additional base pair changes. It is therefore proposed that the nucleotide sequence variation at positions 6 to 8 of the tet operators is the main reason for the poor ^ji vivo complementation of some tet regulatory elements.
